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Retrovirus particles each contain two copies of the viral genome in the form of a noncovalently linked RNA
dimer. Earlier studies have mapped a cis-acting region near the 5’ end of the human immunodeficiency virus
type 1 (HIV-1) genome, termed the {s locus, which appears essential for initiation of genomic dimerization, as
well as for interactions with the HIV-1 Gag protein that are thought to target the RNA into nascent virions.
This HIV-1 {s locus is proposed to be organized in four independent RNA stem-loops; at least three (SL1, SL3,
and SL4) contain binding sites for Gag, and one of these (SL1) is implicated in dimer initiation through a
kissing-loop mechanism. In this study, we have created HIV-1 proviruses containing {s mutations that affect in
vitro Gag binding, RNA dimerization, or both, and we have characterized the effects of these mutations on viral
assembly and infectivity by using a single-step infectious assay. We find that various mutations which eliminate
the Gag binding sites in SL1 or SL3 produce marked defects in genomic RNA packaging and viral infectivity.
In each case, the reduced genomic content of the mutant virions is associated with an increased content of
spliced viral transcripts, suggesting that both SL1 and SL3 contribute to the discrimination between spliced
and unspliced RNAs. The structures, but not the specific sequences, of the SL1 and SL3 stems appear critical
for RNA packaging. Disruption of the stem or deletion of SL1 also results in abnormal genomic dimerization,
as assessed by nondenaturing gel electrophoresis of virion-derived RNA. Virions carrying less extensive
mutations in the SL1 loop that are known to prevent in vitro dimerization have impaired infectivity despite
normal virion RNA content. This suggests that RNA dimerization is not a prerequisite for genomic packaging

but instead serves an independent function in the retroviral infectious cycle.

The process by which retroviral genomic RNA is assimilated
into virion particles as they form is known as packaging, or
encapsidation (recently reviewed in reference 6). The key
events of encapsidation take place in the cytoplasm of an
infected cell, where each nascent virion selectively incorpo-
rates two copies of the full-length viral genomic RNA while
generally excluding cellular RNAs and spliced viral transcripts.
Within the mature virion that results, these two genomic RNA
strands are typically found to associate noncovalently with each
other in parallel as a stable RNA dimer, but it is not known
whether these dimers form before, during, or after encapsida-
tion.

Genetic studies of several retroviruses, including human im-
munodeficiency virus type 1 (HIV-1), have helped to identify
the requirements for efficient and selective RNA packaging.
Such studies have revealed, for example, that packaging spec-
ificity is determined largely by one or two zinc finger elements
and flanking basic residues in the nucleocapsid domain of the
Gag protein: mutations in this region can abolish encapsida-
tion (1, 13, 17, 33), and replacing nucleocapsid sequences from
one virus with those of another can enable efficient packaging
of a heterologous genome (9). Retroviral packaging also de-
pends upon a type of cis-acting RNA element called a pack-
aging signal, or ¥ site, which generally maps to a region of a
few hundred bases near the 5’ end of the genome of a given
virus, close to both the major 5" splice donor and the start
codon of gag (20, 24, 25). Such ¢ elements are, by definition,
necessary for encapsidation, and in certain cases they are also
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sufficient to target an RNA into nascent virions of the corre-
sponding virus (6). Interestingly, the location of the typical
locus also coincides with the most stable point of interstrand
binding in the genomic RNA dimers of many retroviruses (3, 4,
29)—an observation which has long suggested that the pro-
cesses of RNA dimerization and encapsidation might be mech-
anistically linked. It has been difficult to evaluate this possibil-
ity satisfactorily, however, largely because the molecular
features and interactions involved in these two processes were
not precisely known.

Recent in vitro analyses of the HIV-1 ¢ locus have shed new
light on its role in packaging and dimer formation. First, sev-
eral laboratories have evaluated the conformation of HIV-1 ¢
RNA by sequence analysis and nuclease accessibility mapping
(2, 10, 19, 34); based on such data, we have proposed (10) a
working model of the s locus that comprises four RNA stem-
loops, designated SL1 to SL4 (Fig. 1A). Second, bacterially
expressed HIV-1 Gag or nucleocapsid proteins have been
shown to bind specifically to this ¢ RNA (7, 8, 10, 34), with
SL1, SL3, and SL4 each providing independent, high-affinity
binding sites (10). It appears likely that similar Gag-{s interac-
tions occur within infected cells and play a key role in the
encapsidation process. Finally, synthetic RNA oligonucleo-
tides corresponding to the HIV-1 { sequence have been found
to dimerize spontaneously in solution (12, 26). Such in vitro
RNA dimerization is highly sequence specific, occurs more
rapidly in the presence of Gag (12, 36), and is absolutely
dependent on sequences in SL1, including a highly conserved
6-base palindrome (GCGCGC) in the SL1 loop. The latter
observations have given rise to a “kissing-loop” model for
HIV-1 RNA dimer initiation (23, 27, 32, 35), in which two
genomic strands are proposed to interact first through base
pairing between loop palindromes, possibly followed by
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FIG. 1. (A) Working model of the HIV-1 i region (nt 693 to 811). Summarized are the results of previous studies which have shown that SL1, SL3, and SL4 each
contain high-affinity Gag binding sites, while SL1 is necessary for initiating in vitro RNA dimerization. The major 5’ splice donor (SD) and the gag start codon are
indicated (white lettering). (B) HIV-gpt provirus used in these studies, and the locations of deletions in ASL1 and ASL1/ASL3. The ASL3 construct was made by
subcloning the “wild-type” SL1 sequence into ASL1/ASL3; therefore, both ASL1/ASL3 and ASL3 contain the identical deletion of SL3 and adjacent flanking nucleotides.

(C) Point mutants tested in this study. Note that the only nucleotide alterations made in these proviruses are indicated with open lettering.
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isomerization of the two SL1 stems to form an interstrand
duplex (reference 11 and references therein). Together, such
in vitro findings have helped to define the precise requirements
for Gag binding and dimer formation, and they suggest ap-
proaches to manipulating those activities in vivo. The present
study was designed to test and exploit these findings by creating
live HIV-1 virions that would be expected to exhibit selective
defects in dimerization or in encapsidation, based on data from
the in vitro RNA dimerization and Gag binding assays.

MATERIALS AND METHODS

Cell culture. Human osteosarcoma (HOS) and 293T cells were cultured at
37°C under 5% CO, in Dulbecco’s modified Eagle’s medium containing 4.5 g of
glucose per liter, 100 U of penicillin G per ml, 0.1 mg of streptomycin sulfate per
ml, and 10% fetal calf serum.

Vector construction. All i site mutations were introduced into the previously
described HIV-gpt vector (22, 30) (a gift of N. Landau and D. Littman). The
amphotropic murine leukemia virus Env expression vector has also been previ-
ously described (30). The HIV-1 provirus containing a precise deletion of SL1
(nucleotides [nt] 697 to 731), replaced with a unique Sful restriction enzyme site,
was created by exchanging the unique KasI (nt 637)-Clal (nt 829) fragment of
HIV-gpt with the equivalent fragment from the previously described ASL1 con-
struct (11). Mutant forms of SL1 were then subcloned into the Sful site of the
ASL1 proviruses with overlapping synthetic oligonucleotides with Sful ends (Fig.
1). This cloning strategy re-creates the SL1 sequence, except that the first base
pair in the stem is changed from a C - G to a U - A in all SL1 mutants, with no
additional residues added unless otherwise noted. Mutations in SL3 were created
by oligonucleotide-directed mutagenesis (21) of the unique KasI-Clal fragment
of HIV-1 subcloned into pBluescript II KS* (pBS/KS™; Stratagene), after which
DNAs were sequenced to confirm the presence of the expected mutations. These
KasI-Clal fragments were then subcloned into the HIV-gpt vector cut with the
same restriction enzymes. Constructs for in vitro transcription of antisense ribo-
probes, used in the RNase protection assays, were made by subcloning the
Kpnl-Clal fragment of wild-type or mutant HIV-gpt into pBS/KS* cut with the
same enzymes. Prior to in vitro transcription with T7 RNA polymerase, plasmids
were linearized with BspEI (nt 309). Radiolabelled transcripts were prepared
exactly as described previously (10).

Virus production and infectivity assays. All virions used in these studies
consisted of HIV-1 core particles (strain HXB2) pseudotyped with the ampho-
tropic murine leukemia virus Env protein (22, 30). Viral stocks were prepared
from transient calcium phosphate cotransfection of 293T cells at 50% confluency
grown in T75 flasks (Corning) with 15 pg each of Env expression and provirus-
containing vectors. After 12 h, the supernatants were discarded and the cells
were refed with 20 ml of fresh medium. Viral stocks were harvested 48 h
posttransfection and filtered through 0.45-wm syringe filters (Nalgene) before
being stored at —70°C or used immediately. Infectivity assays were performed in
duplicate by serial dilutions of the viral supernatants. HOS cells, grown in six-well
plates at approximately 30% confluency, were infected for 90 min at 37°C with
virus contained in 0.5 ml of medium plus 8 pg of Polybrene per ml before the
addition of 1 ml of medium. After 24 h at 37°C, the supernatants were replaced
with 1.5 ml of selection medium (22) containing 25 pg of mycophenolic acid per
ml. The medium was changed every 3 or 4 days, and colonies were fixed and
stained with crystal violet after about 12 to 15 days under selection as previously
described (22).

Virus quantitation, immunoblotting, and reverse transcriptase assays. The
concentration of viral antigen (p24) in the stocks was determined by an enzyme
immunoassay as recommended by the manufacturer (Coulter-Immunotech). All
p24 concentrations are an average of two different dilutions of the viral stocks
within the linear range of the standard curve. For immunoblotting, viral super-
natants containing approximately 75 ng of p24 were pelleted through a 0.2-ml
20% (wt/vol) sucrose cushion in a 1.5-ml microcentrifuge tube at 40,000 X g for
2 h at 4°C, after which the pellet was resuspended in 10 pl of 2X sodium dodecyl
sulfate (SDS) sample buffer and heated to 100°C for 3 min. Samples were
electrophoresed on SDS-12.5% (wt/vol) polyacrylamide gels, electroblotted onto
Hybond C-Extra membranes (Amersham), blocked for 30 min in BLOTTO (5%
[wt/vol] nonfat dry milk plus 0.1% [vol/vol] Tween 20 in phosphate-buffered
saline [PBS]), and then probed overnight at 25°C with a 1:10,000 dilution of
pooled patient antisera (a gift of A. Leavitt, University of California San Fran-
cisco). After extensive washing in 0.1% Tween 20 in PBS, the membranes were
incubated for 1 h at 25°C with a 1:5,000 dilution of sheep anti-human immuno-
globulin G antibody conjugated to horseradish peroxidase (Amersham). After
being washed, the membranes were treated with enhanced chemiluminescence
substrate (Amersham) and exposed to film. Reverse transcriptase assays were
performed in duplicate on virions pelleted from 0.5 ml of viral stocks at 25,000 X
g for 1 h at 4°C. The pellets were resuspended in 50 pl of 50 mM Tris-HCI (pH
7.6)-10 mM dithiothreitol-10 mM MgCl,, 0.05% Nonidet P-40-48 pg of
poly(rA) (Pharmacia) per ml-12 pg of oligo(dT) (Clontech) per ml-40 wCi of
[methyl-*H]TTP (Amersham) per ml-10 puM dTTP and then incubated at 37°C
for 2 h. The reaction mixtures were spotted onto DE-81 filter paper (Whatman),

HIV-1 RNA ENCAPSIDATION AND DIMERIZATION 3409

dried, and washed five times with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M
sodium citrate [pH 7.0]), once with water, and once with ethanol; the filters were
then dried and quantitated by liquid scintillation counting.

RNase protection assays. Viral stocks (10.5 ml) were layered onto a 1-ml 20%
sucrose cushion (in PBS) and centrifuged at 150,000 X g in an SW41 rotor
(Beckman) for 1.5 h at 4°C. Viral pellets were resuspended in 0.1 ml of PBS, and
an aliquot was removed to determine the p24 concentration as described above.
Virions were disrupted by the addition of virus lysis buffer (50 mM Tris-HCI [pH
7.6], 10 mM EDTA, 1% SDS, 100 mM NaCl, 50 pg of tRNA/ml, 100 pg of
proteinase K/ml) for 30 min at 25°C. After two phenol-chloroform extractions
and one chloroform extraction, viral RNAs were precipitated with ethanol.
Cytoplasmic RNAs were prepared from 293T cells 48 h posttransfection by
resuspending the cell pellets in 0.4 ml of cell lysis buffer (10 mM Tris-HCI [pH
7.6], 140 mM NaCl, 1.5 mM MgCl,, 0.5% Nonidet P-40, 1 mM dithiothreitol, 100
U of RNase inhibitor [Boehringer Mannheim]) by brief vortexing and then were
incubated for 5 min on ice and microcentrifuged at 4°C for 10 min. The super-
natants were treated with 0.2% SDS-125 pg of proteinase K per ml at 37°C for
30 min and then subjected to phenol-chloroform extraction and ethanol precip-
itation as described above. Viral and cytoplasmic RNA preparations were
treated with 1.0 U of RQ1 RNase-free DNase (Promega) plus 10 U of RNase
inhibitor in 0.1 ml for 30 min at 37°C and then subjected to phenol-chloroform
extraction and ethanol precipitation to remove any plasmid DNA contamination.
Amounts of viral RNAs were quantitated by an RNase protection assay (RPA II)
as recommended by the manufacturer (Ambion). For virion-derived RNAs, the
amount of RNA equivalent to 100 ng of pelleted p24 was annealed to an excess
of 32P-labelled riboprobe (10° cpm, ca. 200 pg). For cytoplasmic RNAs, approx-
imately 1/20 to 1/40 of the RNA isolated from one T75 flask of 293T cells was
used. Because transfection efficiencies varied, we quantified the ratios of
genomic to spliced viral RNAs, rather than the absolute amounts of these RNAs,
for comparisons among mutants (Table 1). The protected fragments were elec-
trophoresed on denaturing 5% polyacrylamide-8 M urea sequencing gels and
subjected to autoradiography. Radioactivity in the various bands was quantitated
with a Molecular Dynamics PhosphorImager.

Extraction of RNA dimers and nondenaturing Northern blotting. Viral stocks
(40 ml) were centrifuged in an SW28 rotor (Beckman) at 76,000 X g for 2 h at
4°C. Viral pellets were disrupted in virus lysis buffer, and RNA was extracted as
above. Pelleted RNAs were resuspended in 10 mM Tris-HCI (pH 7.6)-1 mM
EDTA-1.0% SDS-100 mM NaCl before being split and heated in parallel to the
various temperatures indicated for 10 min, after which the samples were elec-
trophoresed on 1% agarose gels in Tris-borate-EDTA buffer (TBE) at 4°C.
Nondenaturing Northern blotting was performed essentially as previously de-
scribed (14). After capillary blotting, membranes (N* nylon; Amersham) and
RNAs were cross-linked with UV light and hybridized with 10° cpm of the
wild-type riboprobe used in the RNase protection assays per ml. The membranes
were washed extensively in 0.1X SSC-0.5% SDS at 68°C before being subjected
to autoradiography.

RESULTS

We previously described RNA oligonucleotides representing
several mutant forms of the HIV-1 { locus that had specific
defects in Gag protein binding or RNA dimerization as mea-
sured by in vitro assays (10, 11). For the present study, we
introduced these and other mutations into a cloned HIV pro-
virus to test their effects in vivo. All studies were conducted
with the parental vector pHIV-gpt (22, 30), which comprises a
full-length provirus of HIV-1 (HXB2) in which a portion of the
viral env coding sequence has been replaced by a bacterial
xanthine-guanine phosphoribosyltransferase (gpt) drug resis-
tance gene under the control of a simian virus 40 promoter
(Fig. 1B). When transiently transfected into cultured 293T
cells, this vector mimics most activities of an HIV-1 provirus,
including the production of Gag polyprotein and genomic tran-
scripts, but it is unable to produce infectious particles because
it lacks a functional env gene. When pHIV-gpt is cotransfected
along with a second plasmid that encodes a murine ampho-
tropic Env protein, however, pseudotyped virions that contain
the HIV-gpt genomic RNA are assembled and released into
the culture supernatant, from which they can be harvested and
assayed to determine their RNA contents. In addition, these
pseudotyped particles can be used to infect HOS cell cultures.
Although such virions can support only a single round of in-
fection, each infected HOS cell becomes gpt™ and acquires the
ability to form a colony in the presence of mycophenolic acid,;
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TABLE 1. Characterization of viral mutants used in this study
) ) Ratio of genomic/ Infectivity
Construct Mean p24 c;)ncn % lfartlcle-aiso- RT/_pZA % Genomic RNA spliced RNA in: (CFU/ng of p24) in:
(ng/ml) ciated p24 ratio® content? -

Virions® Cytoplasn/ Expt 1 Expt 2

HIV-gpt 307 63 100 100 10/1 211 2,330 2,901
ASL1 221 60 84 19 11 2.011 243 —*

ASL3 126 62 101 12 0.8/1 1.8/1 175 154
ASL1/ASL3 173 51 117 5 0.4/1 1.9/1 126 —
“wt” 394 61 98 91 In 1.711 2,670 —
dS.1 246 49 70 11 11 2.41 277 —
mS.1 207 48 65 42 411 2.1/1 1,748 —
G-loop 259 52 92 83 31 2111 388 —
GCGCUC 217 36 78 42 2/1 — 355 —
AB.1 91 39 74 14 211 — 252 —
mB.1 237 32 57 18 11 — 180 —

ds.3 169 72 102 42 11 ND! — 189

mS.3 298 54 92 105 71 ND — 1,617

AAGA3 275 70 89 81 15/1 ND — 997

“ Mean p24 concentration in viral stocks from at least three independent transfections.

b Percentage of p24 which was recovered from viral stocks after pelleting through a 20% sucrose cushion; data from one representative experiment.

¢ Reverse transcriptase (RT) activity in viral stocks relative to the concentration of p24, with the ratio from HIV-gpt as 100; data from one representative experiment.
9 Percentage of genomic RNA in virions relative to the parental HIV-gpt virus; data from one representative experiment.

¢ Ratio of genomic to spliced viral RNAs extracted from pelleted virions (expressed as counts per minute in the genomic band/counts per minute in the spliced band);

data from one representative experiment.

/Ratio of genomic to spliced viral RNAs extracted from the cytoplasm of transfected cells (expressed as in footnote e); data from one representative experiment.
& Infectivity, based on the CFU per nanogram of p24, from two representative experiments.

' _ value not determined in the experiment shown.

" ND, value not determined.

the colony-forming titer of a given mutant thus provides a
quantitative measure of its infectivity in vivo.

Cleavage of pHIV-gpt with KasI and Clal excises a unique
192-bp region that encompasses the entire ¢ locus; we con-
structed mutant viruses by replacing this region with synthetic
oligonucleotides carrying specific deletions or point mutations,
as illustrated in Fig. 1B and C. Most of the mutations tested in
this study were confined to the SL1 or SL3 elements of s, so as
to minimize possible effects on the major splice donor site in
SL2 or the gag start codon at the base of SL4. Supernatants of
293T cells transfected with these mutants typically contained
100 to 400 ng of HIV p24 protein per ml 48 h after transfec-
tion, a range comparable to the 300 ng/ml obtained with pHIV-
gpt (Table 1). In every case, 32 to 72% of this extracellular p24
appeared to be associated with viral particles, as judged by its
ability to sediment through sucrose on centrifugation, and par-
ticle-associated reverse transcriptase activities of the mutants
were also comparable to those of the parent vector (Table 1).
Western blots of sucrose-pelleted virions, probed with poly-
clonal human HIV-1 antisera, confirmed the variability in viral
protein expression among mutants but indicated that none of
the mutants we tested significantly affected the qualitative pat-
tern of HIV protein synthesis or processing (Fig. 2).

The expression and encapsidation of viral RNA by these
mutants was evaluated by an RNase protection assay (Fig. 3A).
Total RNA was extracted from sucrose-purified virion particles
and from the cytoplasm of transfected 293T cells for each of
the mutants, and equivalent amounts of virion-derived RNAs
were then hybridized to an excess of complementary RNA
probe that recognized 5 viral RNA sequences spanning the
major splice donor site. Probes were designed for each mutant
to generate three discrete protected fragments when the RNA
hybrids were treated with RNase: the largest corresponded to
full-length genomic RNA; the second largest corresponded to
spliced RNA; and the smallest corresponded to the 3’ long
terminal repeat (LTR) sequence, which served as an internal
control for total viral RNA concentration (an additional band,

corresponding to proviral DNA contamination, was not detect-
able in any sample). Representative results are shown in Fig.
3B and summarized in Table 1 and Fig. 4A. All tested mutants
yielded similar ratios of genomic to spliced viral transcripts in
the cytoplasm, typically producing steady-state concentrations
of genomic RNA that were 2-fold higher than those of spliced
viral RNA (range, 1.7- to 2.4-fold) at 48 h posttransfection.
Although the relative amounts of viral RNAs in the cytoplas-
mic fractions varied among the different mutants within an
experiment, probably as a result of variations in transfection
efficiencies (Fig. 3B), the ratio of genomic to spliced RNAs was
found to be very consistent among the mutants over multiple
experiments (Table 1). None of the mutants had consistently
reduced viral RNA expression or splicing, as observed in mul-
tiple experiments (data not shown).

The quantity of genomic RNA packaged into virions, by
contrast, varied widely among mutants. In particular, deletion
of either SL1 alone (construct ASL1) or of SL3 and adjacent
flanking sequences (construct ASL3) reduced genomic pack-
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FIG. 2. Immunoblot of selected viral pellets probed with pooled patient
anti-HIV-1 sera. The locations of major virion core proteins are indicated.
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FIG. 3. Quantitative RNase protection assays. (A) Schematic drawing of the
provirus showing the locations of the 5" LTR sequences, transcription start site
(+1), splice donor (SD), gag start codon (right arrow), and BspEI and Clal re-
striction enzyme sites. Shown below are the locations of complementarity be-
tween the antisense wild-type riboprobe and wild-type proviral DNA. At the
bottom are the four possible fragments produced by protection of the probe with
proviral DNA, genomic RNA, spliced RNA, or RNA from the eventual 3’ LTR,
respectively. (B) Representative RNase protection assays. Cytoplasmic or virion-
derived RNAs were annealed to an excess of radiolabelled riboprobe and ex-
posed to single-strand-specific RNases, and protected fragments were separated
on denaturing-polyacrylamide gels. All RNAs containing mutations within SL1
(including ASL1 and ASL1/ASL3) were annealed to mutant-specific riboprobes,
whereas all SL3 mutants were annealed to the wild-type riboprobe. For all con-
structs, the top band corresponds to genomic sequences, the second major band cor-
responds to spliced sequences, and the bottom band (of invariant size) corresponds
to 3" viral RNA sequences. All riboprobes were also mixed with 2 wg of E. coli tRNA
and subjected to the assay plus or minus RNase treatment. Shown in each panel is
an aliquot (1/20) of the wild-type probe minus RNase. MW, molecular weight (in
nucleotides).

aging to 19 or 12%, respectively, of the level observed with
HIV-gpt. Deleting both elements (construct ASL1-ASL3) re-
duced packaging to 5%. Because SL1 and SL3 each contain at
least one Gag interaction site (10), this finding is consistent
with the view that Gag binding to these sites is a major deter-
minant of encapsidation.

We investigated the structural requirements for genomic
encapsidation activity in SL1 and SL3 by reinserting mutant
forms of these elements into the ASL1 and ASL3 deletants
(Fig. 1C). In general, mutations in SL3 were better tolerated
than those in SL1. Thus, an SL3 variant in which all bases of
the 5’ strand of the putative stem were mutated to prevent base
pairing (construct dS.3) reduced genomic packaging to 42% of
the wild-type level, but packaging efficiency was fully restored
in a second variant (mS.3) with compensatory 3’-strand muta-
tions that could restore stem formation. A transition mutation
of all four bases in the putative SL3 loop region likewise had
only a minimal effect on encapsidation (construct AAGA.3).
These results indicate that the structure of the SL3 stem con-
tributes to packaging but that the specific sequences of the
stem and loop do not. As expected, reinserting the wild-type
SL1 sequence into ASL1 restored genomic packaging to nearly
wild-type levels (construct wt). Mutations that disrupted the
proposed base-pairing pattern in the stem of SL1 (construct
dS.1) markedly inhibited packaging, whereas compensatory
mutations predicted to restore base-pairing (construct mS.1)
restored packaging to roughly 40% of the wild-type level. The
genomic content was severely impaired in two mutants in
which the predicted 3-base single-stranded bulge in SL1 was
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either deleted (AB.1) or mutated (mB.1). It thus appeared that
both the stem structure and the bulge sequence of SL1 were
functionally required. We also tested two constructs that car-
ried alterations in the predicted SL1 loop: the loop palindrome
in one had a single point mutation (construct GCGCUC), and
the loop palindrome in the other was replaced by six G resi-
dues (construct G-loop). Although these last two mutations
each abolish the dimerization of HIV-1 ¢ RNA in vitro (11),
they had only modest effects on encapsidation. Indeed, the
G-loop mutant was encapsidated at 82% of wild-type effi-
ciency, implying that the SL1 loop palindrome was not critical
for genomic packaging in virions.

The nuclease protection data also revealed that mutant viri-
ons which packaged reduced amounts of genomic transcripts
tended to incorporate proportionately increased quantities of
spliced viral RNA (Table 1; Fig. 3B). The ratio of genomic to
spliced RNA mass within virions ranged from 10:1 for parental
HIV-gpt down to 0.4:1 for ASL1/ASL3, and correlated closely
with genomic packaging efficiency expressed as a percentage of
the wild-type level (Table 1; Fig. 4A). This enhanced incorpo-
ration of spliced viral transcripts appeared at least partially
sequence specific, in that virions from both HIV-gpt and ASL1/
ASL3 each incorporated only trace amounts of four cellular
RNAs (B-actin, cyclophilin, and glyceraldehyde 6-phosphate
dehydrogenase mRNAs and 28S rRNA), as measured by the
nuclease protection assay on virion-derived RNA (data not
shown).

The infectivity of the various mutants was then quantified by
their ability to induce gpt™ colony formation in cultured HOS
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FIG. 4. Quantitation of RNA packaging efficiencies versus viral infectivities.
(A) The amount of genomic RNA packaged in each mutant was compared to
that in the parental HIV-gpt virus after quantitation of the genomic bands
derived from the RNase protection assays by PhosphorImager analysis. Two
representative experiments are shown on the right and left of the graph. (B)
Infectivities of the constructs expressed as the gpt™ CFU per nanogram of the
viral antigen p24. Two representative experiments are shown on the right and left
of the graph. Assays of viral stocks from at least three independent transfection
and infection assays yielded similar results.

cells (Table 1; Fig. 4B). Not surprisingly, we found that mu-
tants that were defective in genomic encapsidation (Fig. 4A)
exhibited correspondingly severe defects in infectivity (Fig. 4B)
and that most mutants with intact encapsidation function had
infectivities approaching that of the parental virus. The only
notable exceptions were the two mutants involving the SL1
loop palindrome (G-loop and GCGCUC), both of which
showed infectivity defects that were out of proportion to their
modest deficits in encapsidation. The G-loop mutant virions, in
particular, had reduced infectivity despite a nearly normal con-
tent of genomic RNA. In light of the known inability of these
mutant RNAs to dimerize in vitro, this finding suggested that
genomic dimerization makes a significant contribution to viral
infectivity even though it appears dispensable for encapsida-
tion.

To ascertain whether certain mutations in SL1 did affect the
dimerization state of HIV-1 RNA in vivo, RNA was isolated
from gently deproteinated virions of HIV-gpt, mS.1, dS.1, and
ASL1; this virion-derived RNA was then preheated to various
temperatures for 10 min and analyzed by nondenaturing gel
electrophoresis. As shown in Fig. 5, we found that at temper-
atures up to 40°C, RNA from HIV-gpt (Fig. 5A and B) and
mS.1 (Fig. 5B) migrated as a single predominant band, which
presumably represented a genomic dimer. When preheated to
progressively higher temperatures, these dimers dissociated to
apparent monomers (as well as to heterogeneous smaller spe-
cies that probably result from RNA nicking in the virion). The
melting temperature of the HIV-gpt or mS.1 dimers was ap-
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proximately 50 to 55°C, a value consistent with those reported
for HIV-1 and other retroviruses (14, 15). By contrast, dS.1
and ASL1 virion-derived RNAs migrated quite heteroge-
neously and contained elevated amounts of monomer-sized
RNA species, even at 25 to 40°C. RNAs from dS.1 and ASL1
virions also contained discrete bands, other than the mono-
mers, which were visible above 55°C, migrated around the
1.9-kb marker, and presumably represent the aberrantly pack-
aged spliced RNAs identified earlier by the RNase protection
assay. The melting temperatures of the heterogeneous RNA
species isolated from these mutants was similar to that of the
wild-type dimer (Fig. 5). These findings support the view that
the absence of a properly folded SL1 element leads to reduced
or aberrant formation or maintenance of genomic RNA
dimers in HIV-1 virions.

DISCUSSION

The results of this study and of others published recently (5,
18, 28) provide in vivo support for our working model (10) of
the organization of HIV-1 ¢ RNA, as well as for the concept
that Gag-{ interactions are critical for HIV-1 encapsidation. In
particular, we find that two of the predicted stem-loops in
(SL1 and SL3), each of which contains at least one indepen-
dent, high-affinity binding site for Gag protein in vitro, both
contribute to RNA packaging in vivo. Deletion or mutation of
either of these elements alone resulted in significant packaging
deficits, and deletion of both reduced the genomic content of
virions by 95%. It is not clear to what extent the residual 5%
packaging of the double-deletant ASL.1/ASL3 indicates resid-
ual { activity in SL4 and elsewhere or is simply an irreducible
background due to the high-level proviral expression in our
packaging system. In agreement with another study (28), we
find that the activities of SL1 and SL3 are inhibited by muta-
tions that disrupt base pairing in their stems but are preserved
when complementary mutations restore stem formation. This
implies that the folded structures, but not the specific se-
quences, of SL1 and SL3 are required for activity and serves as
genetic evidence that these structures form and are function-
ally relevant in vivo.

Although the mutations we introduced into the presumed
loop regions of SL1 and SL3 had little effect on genomic
packaging, those targeting the 3-base bulge of SL1 (i.e., AB.1
and mB.1) were notably more deleterious. This suggests that
the bulge may contribute to SL1 recognition and binding by
Gag and hence to encapsidation. We note, in this regard, that
two of the three ¢ stem-loops with the highest affinity for Gag
(SL3 and SL4) each include 4-base loops composed only of
purines, while the third (SL1) includes a 3-base purine bulge
and a loop in which purines predominate. In light of the ap-
parent preference of Gag for binding to purine-rich sequences
(10), it is possible that these features contribute disproportion-
ately to Gag binding. Consistent with this view, mutations in
our series which preserved or increased the purine content at
these sites (constructs G-loop and AAGA.3) had only minor
effects on packaging.

Previously, it has been shown that mutations in the SL3
region lead to increased encapsidation of spliced viral RNAs
(25, 28). We found that mutant virions with decreased genomic
RNA contents tended to package correspondingly increased
amounts of spliced viral RNA whether the mutations were in
SL1 and/or in SL3 (Table 1; Fig. 3B). The close inverse rela-
tionship between these two parameters suggests that spliced
RNA may be encapsidated by the mutants in quantities suffi-
cient to fill space normally occupied by genomic transcripts.
These data show that spliced transcripts of the mutants ASL1
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FIG. 5. Nondenaturing Northern blots of virion-derived RNA. (A) RNA extracted from pelleted HIV-gpt or ASL1 virions was heated to the indicated temperatures
for 10 min prior to electrophoresis on 1% agarose gels at 4°C. (B) RNA extracted from HIV-gpt, mS.1, or dS.1 virions was subjected to electrophoresis and blotting

as described above and in Materials and Methods.

or ASL1/ASL3 are packaged relatively efficiently in our system
(Fig. 3B), even though they lack essentially all elements of the
defined ¢ locus by virtue of the mutations they carry and
excision of the gag-pol intron. This could perhaps be accounted
for by nonspecific packaging of these highly expressed tran-
scripts in the absence of competition by y-containing RNAs,
although we have failed to detect significant packaging of sev-
eral abundant cellular RNAs of various lengths under these
conditions (data not shown). To the extent that such packaging
is specific, it may indicate the presence of additional encapsi-
dation signals elsewhere in the spliced transcripts. Candidates
for such activity might include the Gag binding site which we
detected—but did not precisely map—immediately upstream
of SL1 (10), sequences at the extreme 5’ end of the viral RNA
(16), or other, as yet unidentified sites in the leader sequence
or the 3’ half of the genome.

Some mutants in our series shed light on the mechanism and
biological significance of HIV-1 RNA dimerization. In partic-
ular, we tested four different mutations in the SL1 element that
would be expected to interfere with the hypothesized kissing-
loop interaction between RNA strands (23, 27, 32, 35) and
which were each known to abolish HIV-1 { dimerization in
vitro (11). Two of those mutants (G-loop and GCGCUC)
exhibited fairly high genomic contents, suggesting that the kiss-
ing-loop interaction is not required for efficient encapsidation.
The others (dS.1 and ASL1) had a significant packaging defect
that was probably attributable to the loss of Gag binding at
SL1; however, RNA gently extracted from native dS.1 or ASL1
virions was found to contain elevated amounts of monomer-
sized species compared to wild-type virions, supporting a crit-
ical role for SL1 during genomic RNA dimerization (Fig. 5).
Recently, other groups have published analyses of HIV-1 viri-
ons containing mutations that disrupt the palindromic SL1
loop (5, 18); one reported a modest increase in the amount of
monomeric RNA in mutant virions (18), while the other ob-
served no increase in monomer content but saw a decrease in
the overall packaging efficiency (5). Both noted a decrease in

the replication kinetics of their mutants, but neither saw a
substantial difference in the melting temperature of the dimers
of the mutants compared to the wild type. This agrees with our
results obtained with the dS.1 and ASL1 mutants and suggests
that interstrand base pairing in the SL1 region contributes little
to the overall stability of mature virion-derived RNA multi-
mers, at least in terms of melting temperature. Our analysis
does not reveal whether individual dS.1 or ASL1 virions con-
tain a single copy of the genome but suggests that at least some
of the species we observed in these mutants might represent
aberrant heterodimers containing both spliced and unspliced
viral RNAs. In any event, the heterogeneous nature of the
multimers isolated from dS.1 and ASLI virions strongly sug-
gests that HIV-1 RNAs need not be genomic dimers in order
to be packageable. Moreover, both the G-loop and GCGCUC
mutants showed defects in infectivity which could not be ac-
counted for by deficiencies in genomic RNA: this was most
apparent for the G-loop mutant, which retained more than
80% of wild-type packaging activity yet had impaired infectiv-
ity. This suggests that mutants lacking a functional SL1, al-
though able to encapsidate genomes, are defective in some
later step in their life cycle which depends upon genomic
dimerization. In fact, after this work was submitted for review,
another group reported that the RNA element we refer to as
SL1 has at least two functions: one required for encapsidation
and the other required for proviral DNA synthesis (31). Taken
together, however, these findings offer compelling evidence
that accurate genomic dimerization, initiated by SL1, is re-
quired for optimal infectivity of HIV-1 virions.
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